Abstract-In this work, the influence of human body within the estimation of dosimetric values is analyzed. A simplified human body model, including the dispersive nature of material parameters of internal organs, skin, muscle, bones and other elements has been implemented. Such a model has been included within an indoor scenario in which an in-house 3D ray launching code has been applied to estimate received power levels within the complete scenario. The results enhance previous dosimetric estimations, while giving insight on influence of human body model in power level distribution and enabling to analyze the impact in the complete volume of the scenario.
INTRODUCTION
The use of wireless systems has experienced great growth in the last decade, mainly due to the adoption of communication systems that are of use in a broad range of applications. One of the areas experiencing more growth is the adoption of wireless systems in indoor scenarios, with the advent of Wireless Sensor Networks for health monitoring and home automation system of the evolution of mobile wireless systems, with Long Term Evolution being the main driver in femtocell deployment. In the case of a conventional household, several wireless systems can be operating simultaneously, such as WLAN in different versions, personal area network such as Bluetooth or ZigBee, or distribution in wireless fashion of DVB-T signals, among others. Also, Ambient Assisted Living scenarios make intensive use of wireless sensors in order to perform monitoring and control tasks, adding new elements of use within the wireless spectrum (mainly based on 802.15 standard as well as GSM/UMTS backup). Because of this growth of wireless technology it is highly important to have the knowledge of the effects that exposure to electromagnetic fields has in the human body. Related to this, there are several organizations that are devoted to legislate issues and recommendations in this area, establishing maximum limits to which a person may be exposed [1, 2] . In this scenario, dosimetric assessments acquire great importance due to the fact that they determine whether new legislation should be implemented and anticipating potential changes in actual regulations, with an extensive set of dosimetric assessments reported in literature [3] [4] [5] [6] , with different techniques and different approaches of the human body more or less accurate or simplified.
A priori, the most precise way to estimate electromagnetic exposure and perform dosimetric evaluation is obtained by in situ measurements. However, to obtain insight on the potential impact of different wireless devices and their integration as complete systems requires the use of theoretical estimations. On the other hand, these theoretical estimations exhibit some problems, related to the accuracy of the radio propagation parameters and to the human body characteristics. This leads to a commitment between the computational complexity in terms of calculation time and the final accuracy of the results.There is a great assortment of ways to estimate radio propagation and a large ways of representing the human body. The most accurate method to perform dosimetric estimation is directly solving Maxwell's equations,in which SAR calculations are achieved using full wave techniques such as Finite Difference Time Domain [7] [8] [9] , or equivalent methods. However, the large requirements in terms of memory use and the high computational cost make them inappropriate for large area calculations at high frequency bands. The search for optimized evaluation of SAR values has lead to enhanced estimation procedures, including modification of the measurement setup to maintain level of exposure and field uniformity, such as described in [10] .
Geometrical optics techniques offer a good approximation with a lower computational cost. This group includes a great number of methods, being one of the most widespread the Shooting and Bouncing Rays (SBR) [11] [12] [13] . Another approach is the use of empirical methods, traditionally applied for initial coverage estimation of broadcast wireless systems. They give rapid results but require calibration based on measurements to give an adequate fit of the results based on initial regression methods (elimination of mean error component and reduction of standard deviation). These methods are not optimal for dosimetry studies due to the complexity of the human body in morphological as well as topological terms, although they have been used to perform initial estimations [14] .
The human body model designed for simulations can be more or less complex depending on the required analysis and the frequencies of operation of the wireless systems under consideration.Several studies simplify the human body by representing it cylindrically [15-17], spherically [14, [18] [19] [20] or with ellipsoidal shape [21] [22] [23] . Generally, the aim of these studies is the analysis of the influence of the total human body in the environment, although there are also studies related to specific body parts [24] .
Within the variety of morphologically similar human body models, there are high resolution models [25] [26] [27] , which show a dense volume meshing; or simpler ones [28] [29] [30] that respect the basic structure of the arms, legs, head, etc.. It should be noted that depending of the aim of the analysis or the substantial processing time, many studies that implement a high resolution model focus in a localized area of the body and not in the overall human body [31, 32] . Many of these models are also studied experimentally, with the so-called phantom models, which are designed similarly with a variety of shapes [33, 34] .
The goal of this work is to obtain dosimetric assessments in large spaces considering the interaction of the environment and the objects that are located within this scenario and not an isolated human body or a fraction of it. This is achieved by an adequate balance between computational time and accuracy of data, with the best combination of radio propagation estimation technique with simplified model of the human body. Considering all methods described, geometrical optics technique is optimal because although it is not as accurate as full wave techniques, it offers good results, with standard deviations of 5-8 dB [35] , with a fairly low computational cost. As far as the simplified model of the human body is concerned, the use of cylindrical model could be interesting, providing good results in high intermediate frequencies (400 MHz to 7 GHz) [36] . Nevertheless, is recommendable a high resolution model, considering the computational time and the complexity of implementation, for more precise analysis.
In the literature, electromagnetic and thermal analysis has been performed in the human head due to RF exposure [37, 38] , relating interaction of electromagnetic fields in the calculation of Specific Absorption Rate. Non-thermal effects have also been analyzed, basically on the influence of time and frequency hopping mechanisms in REM sleep stages as well as in alpha waves [39, 40] . In both cases, the estimation of the received electromagnetic field value is a key parameter in the rf exposure analysis. The aim of this article is to assess in the computation of received electromagnetic field values, which can later on be employed as an estimation of compliance with international, national and local standards. This methodology is actually employed by Spanish Ministry of Health in the verification of regulation compliance, by means of RMS measurement of 1 second samples in a 6 minute time span per measurement location of Efield values. The goal is an analysis of an indoor scenario with the presence of a human body model to verify his influence in the environment. It is shown that the topology and morphology of the scenario strongly influence the behavior of the wireless channel. A deterministic method based on three-dimensional (3D) ray launching has been implemented within our research team based on Matlab TM programming environment. A simplified human body model has been developed for this code. This model implements the basic organs considering their frequency dispersive material characteristics, in order to analyze their influence on the environment. The combination of a simplified human body model with an efficient simulation technique enables to assess the impact of wireless systems within the complete scenario under analysis, not limited to specific body sections.
DEFINITION OF SIMULATION SCENARIOS AND RESULTS
Deterministic methods [41] [42] [43] [44] [45] [46] [47] are based on numerical approaches to the resolution of Maxwell's equations, such as ray launching and ray tracing, or full-wave simulation techniques (method of moment (MoM), finite difference time domain (FDTD) [48] , FITD, etc.). These methods are precise but are time-consuming to inherent computational complexity. As a midpoint, methods based on geometrical optics, offer a reasonable trade-off between precision and required calculation time [49] . As stated in the introduction, a 3D ray launching algorithm has been implemented in-house based on Geometrical Optics (GO) and Geometrical Theory of Diffraction (GTD). The rays considered in GO are direct, reflected and refracted rays interacting within the elements of the scenario under analysis. To complement the GO theory, the diffracted rays are introduced with the GTD and its uniform extension, the Uniform GTD (UTD) [50] [51] [52] . The purpose of these rays is to remove the field discontinuities and to introduce proper field corrections, especially in the zero-field regions predicted by GO. The basic procedure of the ray launching algorithm [50] [51] [52] is, first, to launch a ray from the transmitting antenna (noted as Tx). Then, the ray is traced to see if it hits any object or is received by the receiving antenna. When the ray impacts with an obstacle, reflection, transmission and diffraction will occur, depending on the geometry and the electric properties of the object. Once all possible paths have been identified, high-frequency electromagnetic techniques, such as UTD [50] are applied to the rays to compute the amplitude, phase, delay, and polarization of each ray. The implemented algorithm takes into account Fresnel equations, discretized within the cuboids present in the simulation volume, in which the reflection coefficient R ⊥ and transmission coefficient T ⊥ are calculated by
where
and Ψ i , Ψ r and Ψ t are the incident, reflected and transmitted angles respectively. Several transmitters can be placed within the scenario, in which power is modeled as a finite number of rays launched within a solid angle. Parameters such as frequency of operation, radiation patterns of the antennas, number of multipath reflections, separation angle between rays, and cuboids dimension are introduced. The material properties for all the elements within the scenario are considered, given the dielectric constant and the loss tangent at the frequency range of operation of the system under analysis. Figure 1 shows the principle of ray launching method. The transmitter antenna launches rays in different directions following Figure 1 . Principle of ray launching method. the radiation pattern of the antenna. The reflection and refraction coefficients are calculated using the well-known Fresnel's equations and the diffraction coefficients by the Uniform Theory of Diffraction (UTD) [50] . The commitment between accuracy and computational time is acquired with the number of launching rays and the cuboids size of the considered scenario. The considered scenario is an indoor room of dimensions 6.5 m × 5.5 m × 2.5 m with different objects and with a human body model in the center. Objects are defined as different hexahedrons in the algorithm. By this basic geometric shape it is highly easy to form another objects much more complex, such as tables, chairs and shelves, and placing them into the room. In a generic room, walls can be formed by windows, doors, frames, etc. So, to characterize the walls of a room, each discontinuity on the wall must be characterized. This will define each part of the wall like an object by its central position (x 0 , y 0 , z 0 ), the width in each dimension (∆x, ∆y, ∆z) and the material that is made. A schematic view of the simulated scenario is depicted in Figure 2 , with some typical objects of an office Table 1 shows the parameters used in simulation.
In the analyzed scenario, two different areas have been considered to perform a more precise analysis of the influence of electromagnetic waves in the human body, to optimize computational cost without compromising accuracy.
Therefore, a high resolution and low resolution areas have been defined. The high resolution area (Figure 3 ) is located at the center of the scenario (Figure 2 
Resolution is defined in the 3D Ray launching algorithm by the size of the cuboids in which the room is divided to estimate the power level in each of them. In this way, the resolution of the small zone in which the human body has been introduced employs cuboids of size 0.03 m × 0.03 m × 0.2 m. As far as the human body model is concerned, it has been performed with the greatest detail as possible, taking into Figure 3 . Detail of the high resolution zone, which the different organs that are embedded in the human body model. account parts such as bones, internal organs, muscles, blood and skin, all with their respective values of dielectric constant and conductivity parameterized to the given frequency range, as given by [53, 54] . Table 2 shows the materials taken into account for simulation. The human body model has been parameterized in such a way that body proportions (i.e., relative dimensions between head, limbs and torso) are maintained for any given height of the person that is needed to be modeled.
To reduce computational cost, it is possible to consider less resolution in the design of the human body model. In this way only skin and bones could be considered, adding organs gradually up to four different types of human body models. In this work, the highest resolution for the human body has been considered. The behavior of such materials is strongly dispersive, as seen in Figures 4 and 5, by parametric calculation of the materials parameters which is automatically performed by the in house code that has been developed for this purpose. Therefore, a dynamic variation of the material properties to take into account the estimation of interaction of electromagnetic waves with different organs is considered in the overall simulation result.
The results of the received power correspond to the high resolution area, which is depicted with the human body in It can be seen that the wave impinges with more power on the left side of the human body model, due to the fact that the source is located in this direction and direct wave has more power than the reflected waves. The morphology of the human body also influences the way in which power is distributed through space. There is an important difference between one meter height, where is the waist of the body and the height of 1.6 m where the wave hits the head, given by the consideration of different material parameters embedded in the model. It can also be seen that the election of the frequency plays a key role in the characterization of the radio propagation channel, with a higher estimation of received power for lower frequencies. In order to analyze more thoroughly the data, Figure 10 represents the estimation of received power for the high resolution zone with the Y axis value of 0.275 m and Z dimension ranging for different heights, between 0.4 m to 2 m.
As expected, the estimated received power decreases with higher frequencies. Such behavior is dictated by the radio propagation characteristic and the frequency response of dispersive materials presenting in the human body model. It is also observed strong degree of variability in the received power. This is due to the fact that the fundamental propagation phenomena in an indoor environment is multipath propagation, which is characterized by the temporal dispersion of the signal and the frequency dispersion due to temporal variations of the received amplitude.
MEASUREMENT RESULTS
To validate previous predictions, measurements in a real scenario with a real person have been performed. For this purpose, the ground floor of the research center Jerónimo de Ayanz of the Public University of Navarre has served as the set up for the experiments, whose geometry is shown in Figure 11 . All materials within the scenario have been taking into account for the simulation, like concrete for the walls and columns, glass for the windows, metal for the elevator and wood for the doors, considering their dielectric constant and conductivity for the given frequency of operation. The scenario dimensions are 19.6 m × 13.6 m × 3.8 m.
The wideband measurements were performed with 100 MHz bandwidth at 2.4 GHz frequency. The transceivers are from Texas Instruments, specifically the CC2530 that is a true system-on-chip In order to perform the measurements, three different positions of the person have been considered, which are depicted in Figure 11 and correspond to the points XY (6.07 m, 7.69 m), (8.61 m, 7.69 m) and (11.23 m, 7.69 m). For each position of the person in the considered scenario, nine measurements have been performed. The first three measurements correspond to the three points of reception shown in Figure 11 . The election of these points is designed to assess the influence of the human body in different points of the environment, taking into account free space between transmitter and receiver for RX 1 and the presence of a person between them for RX 2. The remaining six measurement points agree with the points represented in Figure 12 for different parts of the human body. In the process of measures, the person was always looking ahead to the transmitter. To evaluate the influence of the different organs which make up the human body in the environment, different points of the front of the human body have been chosen, specifically, the abdomen and the right knee and the shoulder and back knee for the rear of the body. A portable spectrum analyzer from Agilent (N9912 Field Fox) has been used for the experiments. The measurement time at each point was 60 seconds, and the power value represented by each point was the higher peak of power shown by the spectrum analyzer for the considered bandwidth (MaxHold function in the spectrum analyzer of Agilent). Figure 13 shows the comparison between simulation and measurements, exhibiting good agreement with a mean error around 2 dB for all cases. The differences are mainly due to approximations made in simulation. It is also important to consider the fast fading, which is a relevant effect in indoor environments that occur due to the multipath components which are very significant. It is observed that there are no significant differences between the three positions of the person in terms of power levels received at each position. Nevertheless, for the three cases, received power level is lower for the position 2 of the receiver (RX 2 of Figure 11 ) due to the presence of the human body between the transmitter and the receiver. It is also shown that the influence of the person for point 3 (RX 3 of Figure 11 ) is also considerable, comparing with the position 1 (RX 1 of Figure 11 ) which is facing the transmitter. It is also perceived that the received power levels for the measurement points of the front part of the body, specifically the abdomen and the knee (Point 5 and 7 of Figure 12 ), are higher values than the rear part, back and back knee (Point 6 and 8 of Figure 12 ). This is due to the human body penetration losses which are present in the radio electric path. It is observed that these losses are bigger in the abdomen part of the body than in the knee, due to the higher volume of mass as well as to the higher volume of liquid content in the first case.
CONCLUSIONS
In this work, the influence of a human body in dosimetry evaluations has been analyzed. A simplified human body model, including the dispersive nature of material parameters of internal organs has been implemented. The use of deterministic 3D ray launching algorithm implemented in-house combined with the human body model allows the performance of dosimetric estimations for indoor scenarios considering the electromagnetic sources and the presence of several persons in the same scenario. Simulations as well as measurement results have been presented, showing good agreement between them. This simulation approximation can be used in order to assess the influence of electromagnetic exposure due to the combined operation of several wireless systems in indoor heterogeneous scenarios, with results given for the full extent of such simulation scenario. 
